Growth hormone (GH) is required for the terminal differentiation of preadipose Ob1771 cells that have entered the differentiation program as evidenced by the expression of early marker genes (pOb24 and lipoprotein lipase).
Induction of c-os mRNA within 15 min and induction of insulin-like growth factor I mRNA within a few hours take place in response to GH. The role of GH is mediated, at least in part, by means ofthe activation ofprotein kinase C, as shown by the inhibition ofepidermal growth factor binding and by the expression of the c-fos gene, and is thus analogous to the action of prostaglandin F2. and 4l-phorbol-12,13-didecanoate in this respect. However, in contrast to that of the c-fos gene, the regulation ofinsulin-like growth factor I gene expression by GH is not mediated by means of the activation of protein kinase C, and, in line with this, prostaglandin F2, and 4f3-phorbol-12,13-didecanoate were ineffective. GH and prostaglandin F2.
were able to stimulate the formation of diacylglycerol within a few seconds, but GH did not elicit an accumulation of inositol phosphates, in contrast to that generated by prostaglandin Fl. We conclude that the transduction signal of GH action in c-fos mRNA induction is the formation of diacylglycerol and that the mechanism whereby GH can activate protein kinase C is associated with a phospholipase C-mediated hydrolysis of glycerophospholipids other than inositol phospholipids.
Growth hormone (GH) exhibits a variety of effects on somatic growth, development, and metabolism. The effects of GH on carbohydrate and lipid metabolism are thought to be direct (1) , whereas the effects on somatic growth and development are most likely mediated by means of somatomedins produced by the liver (2) and peripheral cells (3, 4) .
The ability of human and rat adipose tissue to develop and form new adipose cells is dependent upon adequate circulating levels of GH (5, 6) . In vitro, GH has been shown to promote the differentiation of preadipose 3T3-F442A cells (7) , Ob17MT18 cells (8) , and Ob1771 cells (9, 10) . GH has no effect on the expression of early markers (i.e., mRNA coding for lipoprotein lipase and pOb24 mRNA), the expression of which is coupled to growth arrest [i.e., to confluence (11) ]. The obligatory role of GH is related only to the expression of late differentiation-specific genes, leading to the emergence of mRNAs coding for glycerol-3-phosphate dehydrogenase, adipocyte P2 protein, and adipsin (9) . We have shown that in confluent Ob1771 cells GH regulates specifically and directly the expression of the insulin-like growth factor I (IGF-I) gene in a rapid (<2 hr) and reversible manner primarily, if not entirely, at a transcriptional level (10) . More acute antilipolytic and lipogenic effects of GH action have been reported in adipose cells (12) (13) (14) , but the transduction mechanism of GH remains poorly understood although protein kinase C may be involved in this process (15) . In the present study, we show that GH rapidly (<30 min) and transiently increases the expression of the c-fos gene in confluent Ob1771 cells. This increase is due to the activation of protein kinase C mediated by diglyceride formation (16) 12'I-Labeled Epidermal Growth Factor (EGF). Confluent cells were maintained for 3 days in standard medium (2-cm2 wells). Two hours before assays, cells were rinsed and maintained at 370C in incubation medium. The agonist was then added for 15 min at the same temperature. After aspirating the medium, cells were rinsed with ice-cold binding medium [phosphate-buffered saline containing 0.9 mM Ca2', 0.5 mM Mg2", and 1% (wt/vol) bovine serum albumin]. Cell monolayers were then incubated for 90 min (required for equilibrium) at 0°C with 0.25 ml ofbinding medium containing 0.3 nM 125I-labeled EGF (250-500 x 103 dpm/ml). Nonspecific binding was measured in the presence of 500 nM EGF and represented less than 30%o of total binding.
Materials. All radiochemicals and EGF were purchased from Amersham International, and diglyceride kinase was from Lipidex (Middleton, WI). Culture media were purchased from GIBCO, and all other chemicals were obtained from Sigma. Plasmids pOb24 and pEBO.9 have been already described (10) . Plasmid pfos-1 (American Type Culture Collection no. 41040) was used for c-fos mRNA detection. Recombinant human GH (Genotropin, batch 60663) was a gift of KabiVitrum (Stockholm).
RESULTS
Sequential Induction of c-fos and IGF-I mRNAs by GH. To study the expression of cellular protooncogenes, which may play a role in adipose cell differentiation promoted by GH, we compared the expression of the c-fos gene with that of the pOb24 and IGF-I genes. We had previously shown that pOb24
mRNA, which appears to be confined to adipose precursor cells in vivo, emerged at growth arrest [i.e., at confluence and independently of GH supplementation (9)]. As shown in Fig. 1 , the c-fos gene (and the c-myc gene, data not shown) is constitutively expressed in exponentially growing Ob1771 cells exposed to bovine serum depleted of GH. c-fos mRNA disappeared when growing cells were made quiescent by serum deprivation; addition of GH neither reinduced c-fos gene expression nor brought a mitogenic effect (data not shown). This lack of response to GH was not due to the lack of GH receptor sites since previous experiments had shown their presence both in growing (Kd = 1.5 nM; 7000 sites per cell) and postconfluent Ob1771 cells exposed or not exposed to GH (Kd = 1.4 nM; 42,000 sites per cell) (22) . Fig. la shows that early confluent, growth-arrested Ob1771 cells expressed the c-fos gene at a low level unless GH was added, while the c-myc gene was not expressed any longer (data not shown). Examination by Northern blot hybridization at short time intervals after GH addition revealed that the c-fos transcript accumulated at a maximal level within 15 min as an increase of c-fos mRNA was noted in separate experiments between 10 and 15 min of exposure. The effect of GH on c-fos gene expression was dramatic and transient since no c-fos mRNA remained present after a 1-hr exposure to the hormone. It must be pointed out that the induction of c-fos mRNA is due to GH alone as identical results were obtained in serum-free or in serum-supplemented Dulbecco's modified Eagle's medium. These results exclude the possibility that serum components were required for GH to elicit the expression of c-fos gene. Moreover, the presence of triiodothyronine and/or insulin was not required (data not shown); this rules out an insulin-mediated effect on c-fos gene expression, which has been reported for 3T3-L1 cells incubated in serum-free medium (23, 24) . The dose-response relationship of GH to the accumulation of c-fos mRNA, determined after a 15-min exposure to the hormone, showed that 1 nM GH elicited a half-maximal response, whereas 5 nM GH was required to elicit a maximal response.
In agreement with previous data, pOb24 mRNA of 6 kilobases began to accumulate extensively in early confluent, growth-arrested Ob1771 cells, and it remained rather constant after GH addition (9) . As previously described (10) , the most abundant IGF-I mRNA species of 0.8 kilobase emerged within 6 hr and reached a maximum within 48 hr. .050 coI co'. Protein Kinase C-Mediated Effect of GH upon c-fos Gene Expression. A remarkable property of the c-fos gene is its rapid induction and transient accumulation in response to mitogens or inducers of differentiation (25, 26) . Most recent evidence indicates that two cellular pathways are involved in c-fos induction, one involving protein kinase C activation and the other involving adenylate cyclase (27) (28) (29) . Therefore, various putative agents were assayed and compared to GH.
As shown in Fig. 2 To ascertain that the role of GH on c-fos gene expression was indeed mediated by means of the activation of protein kinase C, the EGF receptor-binding assay was used to monitor the in vivo activation of the kinase (30, 31) . Addition of 5 nM GH to early confluent Ob1771 cells reduced EGFspecific binding by 60% after 15 min. As expected, potent inhibition ofEGF-binding activity was obtained within 15 min with PDco2 as a protein kinase C activator; this inhibition was half-maximal at 10 nM and nearly complete at 1 juM PDco2 (Fig. 3a) . Likewise, PGF2,, which leads to a receptor-mediated hydrolysis of inositol phospholipids and DAG formation (see Fig. 5 Fig. 3b indicates that the half-maximally effective concentration of GH in inhibiting the EGF-binding activity is "1 nM, which is close to the Kd value for the GH receptor, whereas the maximally effective concentration was found to be ==5 nM. Taken together, the observations reported in Figs. 2 and 3 strongly suggest a role for glycerophospholipid degradation products in the mechanism of action of GH.
GH Stimulates Formation of DAG. Addition of a saturating concentration of GH to early confluent Ob1771 cells resulted in a rapid formation of DAG. The time course of DAG formation (Fig. 4a) shows an effect of GH within 10 sec and a maximal effect within 90 sec. The maximal amount ofDAG released represents a 3.3-fold increase above the basal value and ""1.1% ofthe total intracellular glycerophospholipids. As anticipated, PGF2a (200 nM) was also able to stimulate the transient formation of DAG (Fig. 4a) . As shown in Fig. 4b , a dose-response relationship of GH to the accumulation of DAG was obtained. At any given time after exposure to the hormone (15, 45 , and 90 sec), the accumulation of DAG was increased as a function ofGH concentration. At 90 sec, which was the time required to bring a maximal effect (Fig. 4a) , a saturation curve was obtained. In a way similar to the doseresponse relationships of the accumulation of c-fos mRNA (see above) and the inhibition of EGF-binding activity by means of protein kinase C activation (Fig. 3b) 
DISCUSSION
GH, apparently acting through its own cellular receptors, regulates rapidly and transiently the expression of the c-fos gene in preadipose 0b1771 cells. The preadipose cells responding to GH stimulation are committed (i.e., have already expressed the early part of the differentiation program) and are not deficient in protein kinase C. The mechanism by which GH stimulates c-fos mRNA accumulation in 0b1771 cells is not known, but its rapidity is striking. By analogy with its effects on the expression of IGF-I gene (10) and on that of the adipocyte P2 protein gene (9) , GH may well stimulate c-fos gene transcription, rather than c-fos mRNA stabilization, as previously reported for the c-fos gene in quiescent BALB/c-3T3 cells in response to growth factors (27, 34) .
The rapid increase in c-fos mRNA accumulation observed after exposure of various cells and during differentiation has led to the suggestion that the expression of this gene may be important in cell proliferation and differentiation (26, 35 In other words, 0b1771 cells are able to undergo receptormediated hydrolysis of inositol phospholipids to generate inositol phosphates and DAG in response to PGF2,, with accumulation of c-fos mRNA but not IGF-I mRNA under these conditions (Fig. 2) . The lack ofrelationship between the expression of the c-fos gene and that of the IGF-I gene is also illustrated by the fact that the synthesis ofc-Fos protein is not required for the emergence of IGF-I mRNA as we have shown in separate experiments that the latter occurred similarly in cycloheximide-treated and untreated 0b1771 cells. It is of interest to observe that GH can trigger, within a few seconds, the formation of DAG in a dose-dependent manner but, in contrast to PGF2,, does not trigger release of inositol phosphates (Fig. 5) . To our knowledge, this is the first example of a transduction signal for GH action. These results strongly suggest that DAG is produced in response to GH by a phospholipase C-mediated mechanism, which does not involve inositol phospholipid as substrate (36) but may involve other glycerophospholipids (37, 38) , including phosphatidylinositol-glycan (39, 40) . If this proves to be so, the water-soluble product(s) arising from hydrolysis of these complex lipids could be the mediators of the activation of IGF-I gene. Alternatively, a transduction mechanism of GH separate and unrelated to glycerophospholipid hydrolysis could be postulated. Further analysis may shed some light on the source other than inositol phospholipids for DAG formation in response to GH.
